A three-year study was conducted to examine the effects of a prairie wetland enhanced for waterfowl habitat on surface water quality in the Crowfoot Creek watershed in southern Alberta, Canada. Monitoring was carried out at the Hilton wetland from mid-March to the end of October in 1997 to 1999 at two inflow sites and one outflow site. Data were collected on flow, total phosphorus (TP), total nitrogen (TN), total suspended solids (TSS), and fecal coliform (FC) bacteria. Nutrient concentrations were highest in the spring, and decreased during the remainder of the monitoring period each year. Nutrient concentrations did not change significantly within the wetland due to the form of nutrient, reduced retention times for nutrient uptake, and the addition of nutrients to the water through sediment release and decomposition of organic matter. The wetland acted as both a source and a sink for nutrients, depending on flow volumes. TSS concentrations decreased significantly from inflow to outflow, indicating sedimentation occurred in the wetland. FC bacteria levels were lowest in the spring and increased during the post-spring runoff (PSRO) period. FC bacteria counts decreased significantly within the wetland throughout the entire year. The Hilton wetland was effective in reducing the amounts of TSS and FC bacteria exported from the wetland; however, there was no significant change in nutrient status.
Introduction
Public concern regarding the impact of agriculture on water quality is increasing. As much as 30 to 50% of the earth's land is currently adversely affected by non-point source degradation from erosion, fertilizers, pesticides, organic matter and sewage sludge (Sharpley and Meyer 1994) . In the United States, agriculture has been identified as the largest contributor to non-point source pollution of surface and ground water systems (Tim and Jolly 1994; Geleta et al. 1994) . The United States Environmental Protection Agency (1976) identified agricultural non-point runoff of sediment and agricultural chemicals as impairing 55% of surveyed river length and 58% of surveyed lake area.
In Canada, most of the attention given to water quality problems initially centred on the Great Lakes region (Whillans et al. 1986; Paterson and Lindwall 1992) . The Canadian Prairies were not considered a high risk area regarding water quality degradation problems due to low precipitation and less intensive development. Limited data were available prior to 1990 on the general impact of agriculture on water quality in Alberta (Paterson 1992) . Several recent studies in Alberta, however, have suggested that agriculture may contribute to water quality degradation (Miller et al. 1992; Greenlee et al. 2000) . The Canada-Alberta Environmentally Sustainable Agriculture (CAESA) study evaluated agricultural impacts on water quality in Alberta and concluded that agricultural practices were contributing to degradation of water quality (CAESA Water Quality Committee 1998). The Haynes Creek (Anderson et al. 1998) and Crowfoot Creek (Ontkean 2000) studies have also shown that agriculture is adversely affecting surface water quality.
These studies prompted research into practices that may protect or improve water quality. Use of natural and constructed wetlands is one such management practice. Wetlands have been shown to act as "filters," facilitating the cleansing of contaminated water through physical, chemical and biological processes (Kadlec and Knight 1996) . Concentrations of phosphorus, nitrogen, suspended solids, and fecal coliform (FC) bacteria have been shown to decrease in constructed wetlands (Johnston et al. 1984; De Laney 1995; Braskerud et al. 2000; Woltemade 2000) . Wetlands have proven to be efficient tools for reducing losses of nutrients and eroded material from arable land (Braskerud et al. 2000) .
Wetlands in temperate regions are often thought of as nutrient sinks because of nutrient interaction with sediments and accumulation by plants (Peverly 1985) . Net nutrient retention may be limited on an annual basis, because nutrient retention by wetlands depends on past nutrient history and current regulation of water movement through the system (Peverly 1982) . Little research has been devoted to the use of natural or constructed wetlands in colder climates (Jenssen et al. 1994) , especially for treating agricultural runoff in the prairie region.
By definition, an enhanced wetland is an existing wetland with certain functional values increased or enhanced by human activity (Kadlec and Knight 1996) . Conservation groups, including Ducks Unlimited Canada, have been involved with projects that preserve prairie potholes and enhance natural wetlands as habitat for migrating waterfowl. The Hilton wetland in the Crowfoot Creek watershed is one such project. Although this instream prairie wetland was enhanced for waterfowl habitat in Crowfoot Creek, it may have ancillary benefits for water quality.
This study was conducted to examine the effects of the Hilton wetland on total phosphorus (TP), total nitrogen (TN), total suspended solids (TSS) and fecal coliform (FC) bacteria concentrations in Crowfoot Creek.
Materials and Methods

Watershed Description
The Crowfoot Creek watershed, located in Wheatland County, is approximately 85 km east of Calgary, Alberta, Canada (Fig. 1) . The watershed covers approximately 1600 km 2 and is dominantly agricultural in nature. The study area is within the Prairies Ecozone, moist mixed ecoregion. The area is described as semiarid with a mean annual temperature of 2.5°C, mean summer temperature of 15.5°C, and mean winter temperature of -11°C. Annual precipitation ranges from 350 to 400 mm (Ecological Stratification Working Group 1997) .
The Crowfoot Creek watershed was identified as an area of concern by the Bow River Water Quality Task Force (1991) due to excessive levels of nutrients and coliform bacteria within the reach of the Bow River where the creek discharges. Crowfoot Creek is an intermittent creek arising from two branches (North and West). The confluence of these branches is near the middle of the watershed and the resulting Main Branch flows into the Bow River. Natural flows in the creek are provided by snowmelt runoff in the spring and runoff from rainfall events during the remainder of the year. Flows are maintained from May to early October by the addition of return flows from the Western Irrigation District (WID).
The Hilton Ducks Unlimited Project is an instream wetland located on the West Branch of Crowfoot Creek (Fig. 1) . The wetland drainage area covers approximately 7192 ha, with the wetland itself occupying approximately 62 ha. Landcover within the drainage area is made up of annual crops (53%), grassland (33%), summerfallow (6%), and improved pasture (6%), which encompass 98% of the area. The wetland occupies approximately 1.25% of the remaining area. Much of the grassland and pasture areas support livestock, mainly cattle, during the summer months.
In 1998, emergent vegetation covered approximately 43% of the wetted area of the wetland, and was dominated by broad-leaved cattail (Typha latifolia) and soft-stemmed bulrush (Scirpus validus). Submersed vegetation found in the open water area included coontail (Ceratophyllum demersum) and northern watermilfoil (Myriophyllum exalbescens). Water depth in 1998 ranged from 0.2 to 2.5 m, with a mean depth of 0.7 m.
Flow Measurements and Sampling Procedures
Flow data were collected at three sites, Inflow 1, Inflow 2 and the outflow (Fig. 1) . Inflow 1 was located on Crowfoot Creek, while Inflow 2 was near the end of a WID return flow channel, which emptied into the south end of the wetland. Outflow from the wetland was monitored at the outflow site on Crowfoot Creek.
Water stage recording wells, instrumented with Lakewood Model CP-XA (1996) dataloggers and calibrated float potentiometers, recorded stage in 20-min intervals. Staff gauges were also installed at all three sites. Flow data were collected from spring runoff in mid-March until the end of October from 1997 to 1999. Staff gauge readings were collected during the spring runoff period as the stilling wells were iced in. Flow metering was carried out using a Scientific Instruments Inc. Top Setting Wading Rod and a Model 1205 or 1210 current meter, or a Swoffer Instruments Inc. Model 3000-1514 current meter. Flow metering was carried out at all sites at various times throughout the monitoring period to record various flow stages. Three flow periods were delineated during the monitoring period: spring runoff in March and April, post-spring runoff (PSRO) from the end of spring runoff to the end of October, and rainfall-runoff events within the PSRO period.
Water quality samples were collected in the middle of the stream, upstream of road crossings at all sites, from the start of spring snowmelt runoff until the end of October in each year of the study. Sampling was carried out weekly, except during spring runoff and rainfall-runoff events when daily sampling was performed. Samples were collected using an ISCO Inc. Model 3700 automated sampler. A sample was collected every two hours for a 24-h period. These samples were contained in a 9.4-L Nalgene bottle and a 2-L portion of the total water collected was removed for analysis at the end of the sampling period. A 2-L grab sample was collected during periods when the ISCO samplers were not in use due to freezing conditions or during runoff events. The 2-L field bottles were triple rinsed with creek water before filling. Samples for coliform bacteria determination were collected simultaneously using a 250-mL plastic bottle containing sodium thiosulfate as a preservative (Greenberg et al. 1992) .
Analytical Procedures
The 2-L field sample bottles were transported to a field laboratory in coolers with ice packs. Bottles were shaken to re-suspend sediments and one 500-mL and one 125-mL sample of unfiltered water was subsequently decanted. Additionally, two 125-mL filtered samples were prepared using 0.45-µ cellulose acetate filter paper. Gelman Sciences high capacity inline filters (0.45-µ) were used when large amounts of suspended sediments were present in the sample.
The 500-mL sample was analyzed for TSS. The 125-mL unfiltered sample was preserved with 2-mL of 5% sulfuric acid and analyzed for total Kjeldahl nitrogen (TKN) and TP. One filtered sample was preserved with 2-mL of 5% sulfuric acid and analyzed for total dissolved phosphorus (TDP). The second sample was analyzed for nitrite, nitrate, ammonia-nitrogen, and orthophosphate. Total nitrogen was calculated as the sum of NO 3 -+ NO 2 -+ TKN (AEP 1999). Samples were analyzed at the Soil and Water Laboratory, Irrigation Branch, Alberta Agriculture, Food and Rural Development, in Lethbridge according to Greenberg et al. (1992) . Bacteriological samples were transported on ice in coolers to the Provincial Laboratory for Public Health in Calgary, Alberta, and analyzed within 24 h using the membrane filtration method (Greenberg et al. 1992) .
Discharge was calculated from stilling well and flow velocity measurements using the velocity and stream cross-sectional area method (Gray and Wigham 1970) . Mass load and flow-weighted mean concentration (FWMC) were calculated using the FLUX model (Walker 1996) , with the data stratified into the spring runoff, rainfall runoff or PSRO period. FWMC was calculated as the mass load for a given period of time divided by the total flow volume for the same time period. Statistical analysis was carried out using WQHYDRO (Aroner 1995) . Non-parametric tests were used to compare median concentrations among sites due to non-normality of the data. The Kruskal-Wallis test was used to perform ANOVA on data from multiple sites. P-value was 0.05. Data values less than detection limits were assigned a value one-half the detection limit in order for them to be graphed and used in statistical analysis and flow models.
Results
Hydrology
Spring runoff flows in Crowfoot Creek varied considerably during the study with the greatest total volume recorded in 1997 (Table 1) . Spring runoff that year accounted for more than 65% of the total volume of water that passed out of the wetland during the 1997 monitoring period. Contributions from snowmelt runoff were considerably less in 1998 and 1999, accounting for 15% of the total runoff volume in 1998 and 1% in 1999. Total outflow exceeded total inflow in all monitored years (Table 1) .
Mean daily flows (MDF) during spring runoff peaked quickly, then decreased to base flow levels by the end of spring runoff (Fig. 2) . During the PSRO period, MDF began to increase in early May, peaked in July, and decreased to baseflow levels or ceased entirely by the end of October. Rainfall-runoff events appeared on the hydrographs as sharp increases in flow (Fig. 2) . While several major rainfall events occurred during the study, only five events were sampled for water quality analysis. These events occurred in May 1997, July 1998, and one each in May, June, and July 1999 (Fig. 2) .
Water Quality
Spring runoff
Concentrations of TP and TN at all monitoring sites peaked early in the spring runoff period (Fig. 3) . Median concentrations of TP were fairly consistent at both inflow sites, but increased each year at the outflow (Table 2 ). Flow-weighted mean concentrations (FWMC) of TP at Inflow 1 and the outflow increased in each successive year, while at Inflow 2 the concentrations decreased in successive years (Table 3) .
TDP made up the majority of TP entering and exiting the wetland (Ontkean 2000) . The percentage of TP as TDP at Inflow 1 ranged from 80% to 93%. At Inflow 2, the percentage of TP as TDP ranged from 83% to 91%. The proportion of TP as TDP at the outflow ranged from 81% to 90% (Ontkean 2000) .
Median concentrations of TN at all sites were higher in 1998 than 1997. However, TN concentrations in 1999 decreased from 1998 median values (Table 2) . FWMC of TN increased each year at Inflow 1, while concentrations at Inflow 2 and the outflow increased from 1997 to 1998, then decreased in 1999 (Table 3 ). The dominant form of N detected in the water samples was organic.
Comparisons of median TP and TN levels between Inflow 1, Inflow 2, and the outflow showed concentrations decreased between Inflow 1 and the outflow in 1997, but increased in 1998 and 1999 (Table 2) . Variations in TN median concentrations were not significant at p < 0.05, while variations in TP median concentrations were significant only in 1998. Median concentrations of both TP and TN increased significantly (p < 0.05) between Inflow 2 and the outflow in all three years (Table 2) .
Nutrient mass loads were greatest at all sites in 1997, decreasing each year thereafter (Table 3) . Overall, there was a net export of TP and TN from the wetland in 1997 and a net import in 1998 and 1999 (Table 3 ). The mass load at each monitoring site appears to vary based on the volume of water rather than the FWMC. Median concentrations at the outflow were greatest in 1999; however, the mass load exported that year was the lowest observed. Conversely, median TP values at the outflow in 1997 were the lowest but mass loads were the greatest (Table 3 ). The pattern of import and export of TN mass loads also decreased each year.
TSS concentrations showed a sharp increase during spring runoff (Fig. 4) . Median concentrations were greatest at the inflows in 1997, but greatest at the outflow in 1998 (Table 2) . Median TSS concentrations were greater at Inflow 1 than at the outflow in all years, but these differences were only significant in 1997 (p < 0.05). Median concentrations at Inflow 2 
a Median values for each year followed by the same letter are not significantly different (p < 0.05). were not significantly different from the outflow in any year (Table 2) . FWMC followed a similar pattern (Table 3 ). The percentage of mass load retained within the wetland increased from 22% in 1997 to 45% in 1998 and to 49% in 1999. Fecal coliform (FC) bacteria counts during spring runoff increased sharply as runoff began and then decreased (Fig. 4) . Comparison of FC bacteria levels between the two inflows and the outflow showed a decrease each year (Table 2) . Decreases were not significant in 1997, but were significant in 1998 (p < 0.05). In 1999, there was a significant difference between Inflow 1 and the outflow, but not between Inflow 2 and the outflow. Median FC bacteria values were generally low with a few exceptions, most notably at Inflow 2 in 1998.
Post-spring runoff (PSRO) period
Temporal patterns of nutrient concentrations during the PSRO period were similar at all monitored sites. Concentrations increased at the beginning of the PSRO period in early May. This was followed by a gradual decrease during the remainder of the period (Fig. 3) . Median concentrations of TP and TN observed at all sites were lower than those observed during spring runoff ( Table 2) . As observed during the spring runoff period, TDP was again the dominant phosphorus form, constituting 82 to 95% of TP at Inflow 1 and the outflow. TDP values at Inflow 2 were lower, ranging from 49 to 56% of TP (Ontkean 2000) . Organic nitrogen remained the dominant N form.
Median TP concentrations between Inflow 1 and the outflow decreased in 1997 and 1998, but showed a small increase in 1999 (Table 2) . Median TN concentrations increased slightly each year. Variations in nutrient concentrations between Inflow 1 and the outflow were not significant (Table 2 ). In contrast, TP and TN concentrations were significantly greater at the outflow compared to Inflow 2.
The FWMC of TP and TN decreased in 1997 and 1999 between Inflow 1 and the outflow, and increased in 1998, while the FWMC between Inflow 2 and the outflow increased each year (Table 3) . Total mass load showed a net import of nutrients in 1997 and a net export in 1998 and 1999 (Table 3) .
Temporally, TSS concentrations at the inflow sites increased during the PSRO period (Fig. 4) . At the outflow, concentrations also increased during the PSRO period, but to a lesser degree than at the inflow sites (Fig. 4) . Median inflow TSS concentrations were significantly greater than those for the outflow in all years ( Table 2 ). The inflow sites were significantly different (p < 0.05) from each other in 1998 and 1999, but not in 1997. Inflow 2 had the greatest median values, except for 1997 when Inflow 1 values were slightly greater. The percentage of TSS retained within the wetland was greater than during spring runoff. Percent TSS retained was 55% in 1997, 62% in 1998, and 96% in 1999 (Table 3) .
FC bacteria counts began to increase during the early part of the PSRO period, peaked in mid-summer and then decreased to the end of the monitoring period (Fig. 4) . Median values at all sites were greater than during spring runoff (Table 2) . Comparison from inflows to outflow showed a significant decrease in all years (Table 2) . Median concentrations at the inflow sites were significantly different from each other, with Inflow 2 having the greatest median FC bacteria counts (Table 2) .
Event periods
Concentrations of TP and TN during rainfall-runoff events were greater than the concentrations observed during the PSRO period (Fig. 3) . TDP and organic nitrogen remained the dominant nutrient forms. Event period FWMC of TP and TN were also generally greater than during the PSRO period at all sites (Table 4) . The FWMC at the outflow site during events was greater than at Inflow 2, but less than Inflow 1. The proportion of total mass load imported or exported during runoff events was variable. In the five storm events sampled, four had a net import of TP and TN, while the event in July 1998 resulted in a net export of nutrients.
Median TSS concentrations tended to increase at all sites during most rainfall events, with inflow sites showing a greater increase than the outflow site (Fig. 3) . Event TSS FWMC did not always exceed the FWMC during the PSRO period (Table 4) . Generally, event FWMC of TSS were greatest at Inflow 2. There was a net import of TSS into the wetland during all sampled rainfall events.
Event counts of FC bacteria exceeded median PSRO values for all sites (Table 4) . FC bacteria counts at the inflow sites were greater than the counts at the outflow site for all events (Table 4) . Several event counts were also maximum values observed during the monitoring period.
Discussion Flows
Flows observed at the monitoring sites varied from year to year due to differences in precipitation and demand for irrigation water (Table 1) . Total flow volumes during 1997 were dominated by contributions from spring snowmelt water, while total flow volumes in 1998 and 1999 were dominated by WID return flow water during the PSRO period (Table 1) .
Only a small percentage of water flowing in streams is derived directly from precipitation, with the majority of streamflow a result of rain or snowmelt runoff from upland surfaces (Gordon et al. 1992 ). More than 85% of the total runoff from agricultural watersheds in western Canada is due to spring runoff (Nicholaichuk 1967) . Post-spring runoff flows found in intermittent streams tend to decrease with time and may stop entirely, resuming only in response to groundwater discharge or rainfall-runoff events (Gordon et al. 1992) . Under natural conditions, Crowfoot Creek would be considered intermittent, with peak flows occurring during spring runoff. However, flow through the Hilton wetland differed from the usual flow pattern due to the addition of water from WID return flows. The high total outflow compared to inflow in 1999 may be attributed to other surface water inputs, groundwater discharge, and release of bank storage water. Several surface water inputs were not monitored, yet would have contributed to outflow. Groundwater inputs were also not monitored. Winter (1989) described studies in Saskatchewan indicating that individual wetlands show seasonal reversals of groundwater flow direction. A larger volume of water in the wetland would result in groundwater flow away from the wetland, however, when low volumes exist a lower hydraulic head exists and flows may reverse into the wetland. The release of bank storage of water into the wetland can also be related to changes in water depth in the wetland (Gordon et al. 1992) .
The magnitude of MDF varied with the amount of snowmelt runoff in the spring and demand for irrigation water in the PSRO period. Demand for irrigation water was dictated by the timing and amount of precipitation during the growing season. Increasing crop demands during the growing season resulted in greater volumes of water being diverted into the WID system, which in turn led to increased MDF. As crop demands declined, so did the volume of water diverted for irrigation, which led to a decline in MDF. MDF responded rapidly to changes in demand at the inflow sites, while at the outflow MDF did not vary as greatly due to the attenuating effects of the natural wetland (De Laney 1995) .
Increased flows during rainfall events were the result of surface runoff entering the creek and irrigation management practices. If sufficient precipitation occurred during an event, irrigation water demand decreased. This resulted in a short-term increase in the amount of water returned to Crowfoot Creek. In the long term, the volume of water in the WID infrastructure was reduced and flows also decreased (Fig. 2) .
Nutrients
Nutrient concentrations during spring runoff were in excess of the Alberta Water Quality Guidelines (AWQG) for surface water of 0.05 mg L -1 for phosphorus and 1.0 mg L -1 for total nitrogen (AEP 1999). High spring runoff concentrations were followed by generally decreasing values during the PSRO period (Fig. 3) . TP concentrations generally remained above guideline values during the monitoring period, while TN concentrations decreased below guideline values during the PSRO period.
The dominance of TDP in the water may be due to internal release of P within the small wetlands upstream of Inflow 1 and within the wetland itself. A study by Peverly (1982) involving drainage from highly organic soils detected high concentrations of soluble reactive P (ortho-phosphorus) at the outflows from a muckland and a wetland. Since TDP includes soluble reactive P and other dissolved forms of P, releases of soluble reactive P from soils in the wetland may contribute to the dominance of TDP in the water. The large proportion of TP as TDP at all monitoring sites was in agreement with other studies in Alberta (Cooke and Prepas 1997; Anderson et al. 1998) ; however, several studies in the United States have indicated that particulate P is dominant in agricultural areas (Sharpley et al. 1987 Douglas et al. 1998) .
High TP concentrations in the spring were likely related to the flushing of P from adjacent land and wetland tributaries by snowmelt runoff. Flushing of the irrigation infrastructure and watercourses and an increase in TP concentration also likely occurred as flow from the WID began at the start of the PSRO period (Fig. 3) . Water diverted for irrigation by the WID contained lower concentrations of TP than at the monitoring sites (Ontkean 2000) . TP concentrations were likely diluted during the PSRO period by the WID water. Several studies have reported the uptake of P by algae within wetlands (LaBaugh 1989; Sanchez-Carrillo and AlvarezCobelas 2001) and this process likely contributed to the decline in TP concentration in this study.
Median concentrations between Inflow 1 and the outflow did not vary significantly during spring runoff as there were few processes available to reduce TP concentrations within the wetland. Removal of P by adsorption and sedimentation would be limited, as TDP was the dominant P form in the wetland. Inflow 2 concentrations of TP were significantly lower than the outflow. This may have been due to fewer instream sources of P, such as small wetlands, upstream of Inflow 2. TP concentrations at Inflow 2 were more dependent on the contribution from surface runoff and thus were affected by the magnitude of snowmelt runoff that occurred each spring.
During the PSRO period, TP concentrations were similar between Inflow 1 and the outflow ( Table 2 ). The small decreases in 1997 and 1998 indicates some degree of P retention occurred within the wetland, while the small increase in 1999 indicates removal was not occurring. The lack of a significant reduction may be the result of insufficient residence time in the wetland for microbial and plant uptake to occur. Mitsch et al. (1995) suggested that low flow wetlands appeared to decrease TP concentrations more effectively than high flow systems. Water flowing through wetlands may follow a preferential pathway resulting in the majority of flow moving across a small percentage of the wetland. Blahnick and Day (2000) found that resultant retention times can be an order of magnitude less than calculated values. Release of P from sediments and plant material decomposition is another source of P from within the wetland. Mitsch et al. (1995) observed that plant senescence and nutrient translocation led to internal cycling and release of P into the water. As in the spring, TP concentrations at Inflow 2 were significantly less than the outflow due to the low TP concentrations in the WID return flow water.
High event FWMC in relation to median TP values (Table 4) indicates additional nutrients entered the wetland due, at least in part, to surface runoff (Johnston et al. 1984; Edwards and Owens 1991; Hargrave and Shaykewich 1997) . Several studies in the United States and southern Alberta have shown that much of the nutrient load from agricultural land could be transported in a few runoff events (Edwards and Owen 1991; Hargrave and Shaykewich 1997; Greenlee et al. 2000) . Additionally, flows during runoff events would have extended outside of the preferential flow path, potentially flushing additional P out of the wetland (Blahnik and Day 2000) . Since four of the five rainfall-runoff events resulted in a net import of nutrients, the wetland was apparently effective at reducing downstream impacts of nutrients from surface runoff.
The pattern of TN concentrations was similar to that observed with TP. The lack of significant TN decreases between Inflow 1 and the outflow were indicative of a lack of significant opportunity for TN losses within the wetland. The low median concentration and FWMC of TN in 1997 compared to 1998 and 1999, were likely due to the flushing of the wetland. The lower median concentration and FWMC of TN in 1999 compared to 1998 (Tables 2 and 3 ) may have been due to increased retention time in the wetland, allowing transformations of nitrogen to gaseous forms that could be lost to the atmosphere (Peverly 1985; Patrick 1994; Hunt et al. 1999) . As with TP, TN concentrations at Inflow 2 may have been the result of fewer instream N sources above Inflow 2.
During the PSRO period, TN median concentrations between Inflow 1 and the outflow increased in all three years (Table 2) . High inflow concentrations, insufficient retention times and internal release of N did not allow for a significant reduction in TN concentration between sites. Like TP, TN at Inflow 2 was diluted with relatively better quality irrigation water and as a result had significantly lower median concentrations. Inflow 2 again benefited from irrigation water with low concentrations of TN resulting in a significant increase between Inflow 2 and the outflow.
Event FWMC of TN increased in response to rainfall-runoff events (Table 4) . As with TP, additional input of N from the surrounding land and the flushing of the wetland by higher flows may have resulted in the increased TN concentrations. As with TP, the wetland was effective in reducing impacts of TN. Large percentages of the annual mass load of TN flowed into the wetland, but much smaller percentages of the mass load were exported during the same period (Table 5) .
Nutrient mass loads tended to be flow-dependent. In the spring, median TP values at the outflow were greatest in 1999; however, mass load exported that year was the lowest. In 1997, median concentrations were lowest and mass loads the highest (Table 3) . During the PSRO, there was a net import of nutrients in 1997 and a net export in 1998 and 1999. In the latter two years a much larger volume of water was exported than imported into the wetland (Table 1) .
Sediment
The high TSS concentrations in spring 1997 were likely due to the extensive snowcover, which resulted in an extensive area contributing to surface runoff. Increased soil erosion in the spring would result in greater amounts of material being transported into the watercourse (Chanasyk and Woytowich 1986; Braskerud et al. 2000) . In addition, high flows may have resulted in sediment being re-suspended and transported within the watercourse and wetland, as well as in increased bank erosion. Values in 1998 and 1999 were less than 1997 as reduced snowcover resulted in less land contributing to runoff and reduced flow velocities (Ontkean 2000) .
During the PSRO period, TSS concentrations at the inflow sites appeared to be related to WID water use patterns. Years with the greatest flow volume (Table 1) were also years with the highest median TSS concentrations ( Table 2 ). The increased volume of water carried by the WID infrastructure may have resulted in greater flow velocities, which would result in additional material being suspended in the water and increase the risk of greater erosion in the watercourse (McIntyre and Naney 1991; Gordon et al. 1992) .
The significant decrease in TSS median concentrations between Inflow 1 and the outflow during spring runoff in 1997 may have been due to the erosion of coarser particulate material from the surrounding land, which would tend to settle out of the water column quickly. Conversely, low runoff in 1998 and 1999 resulted in the erosion and transport of a greater percentage of fine soil particles, which would take longer to settle out of the water column. This was similar to the observations of Braskerud et al. (2000) in a study conducted in constructed wetlands in Norway. Inflow 2 had significantly lower median TSS concentrations than Inflow 1 and the difference between Inflow 2 and the outflow was not significant. Landcover in the area adjacent to the watercourse upstream of Inflow 2 is largely native grass. The grass would act as a buffer, reducing the amount of sediment that reaches the water (De Laney 1995) . During the PSRO period, the significant difference between both inflows and the outflow was attributed to the effectiveness of the wetland in retaining sediments. Retention time during the PSRO was sufficient for a significant amount of suspended material to settle out of the water. While particle size analysis was not carried out, it was observed during sample filtering that there was generally a larger particle size in the water during the PSRO period compared to the spring runoff samples. There may, therefore, have been sufficient time for significant amounts of solids to settle out of the water column within the wetland during the PSRO period compared to the spring runoff period.
During rainfall-runoff events, rainfall intensity, surface condition, soil antecedent moisture condition, and stream characteristics would have affected the amount of sediment transported (Troeh et al. 1991; Gordon et al. 1992; Braskerud 2000) . The high TSS concentrations at the inflows indicate that sediment entered the watercourse in surface runoff upstream of the wetland (Fig. 4) . TSS concentrations at the outflow did not respond as quickly or with the same magnitude as the inflows due to the moderating effects of the wetland (De Laney 1995) . With the exception of the rainfall-runoff event in 1997, the FWMC of TSS exiting the wetland was lower than the FWMC of TSS entering the wetland.
FWMC for several of the sampled events exceeded the FWMC for the PSRO period, while others were less than the FWMC for the PSRO period (Table 4) . For example, the FWMC of TSS was lower during the storm event in July 1998 than during the overall PSRO period. The mass load exported, however, was more than 50% of the annual total, indicating that the large water volume of this storm resulted in the high mass load exported (Table 5) .
Bacteria
Median FC bacteria counts during the spring and early part of the PSRO period were generally below Canadian Water Quality Guidelines (CCREM 1987) for irrigation, contact recreation, and use as a potable water source (Fig. 4) . During the PSRO period, FC bacteria counts frequently exceeded these guidelines (Fig. 4) .
Sources of FC bacteria in the study area likely included livestock and wildlife. Several studies have linked the presence of domestic animals and wildlife to the presence of enteric bacteria in water (Buckhouse and Gifford 1976; Thelin and Gifford 1983; Gary and Adams 1985; Howell et al. 1995) . Several of these studies have suggested that FC bacteria can survive long periods of time in the environment, even in cold temperatures (Buckhouse and Gifford 1976; Gary and Adams 1985; Howell et al.1995) . The low FC bacteria counts in the spring compared to the PSRO period can likely be attributed to reduced numbers of livestock and wildlife. This is in agreement with Doran and Linn (1979) who concluded that an absence of cattle overwintering within a sub-basin would result in fewer fecal coliforms to contaminate the water.
Increasing FC bacteria counts during the PSRO period may be related to the increased presence of livestock and wildlife in and around the wetland and contributing watercourses during this period. As livestock numbers decreased in the fall, FC bacteria counts generally declined.
The wetland was very proficient at reducing FC bacteria counts. Once outside the host, bacterial survival is limited due to harsh environmental conditions. Temperature, pH, lack of moisture, adequate nutrient supply, and exposure to solar radiation all contribute to bacterial die-off (Gerba et al. 1975; Crane and Moore 1986; Kadlec and Knight 1996) . Additionally, the significant decrease in TSS concentration observed likely resulted in the simultaneous reduction of FC bacteria since they are generally associated with particulate matter (Johnston et al. 1990) .
FC bacteria counts increased at all sites during runoff events indicating an adverse impact within the drainage area (Table 4) . Comparison of the inflow sites to the outflow, however, indicates that the wetland successfully reduced FC bacteria numbers during events (Table 4 ). The level of FC bacteria reduction was even more significant as the wetland is a staging area for migratory waterfowl and FC bacteria contributions from these birds can be significant (Kadlec and Knight 1996) . FC bacteria can enter the watercourse via direct deposition (Reddy et al. 1981) , high counts may occur at any time a host is in the water. Increased FC bacteria levels during non-event periods may have resulted from direct deposition by migratory waterfowl or other hosts.
Conclusions
The Hilton wetland is an enhanced prairie wetland developed for waterfowl habitat in southern Alberta, Canada. Concentrations of TP and TN entering and exiting the wetland were greatest during spring runoff and generally decreased during the rest of the monitoring period, with increases during most rainfall events. TP concentrations were generally in excess of the AWQG while TN concentrations exceeded the AWQG in the spring, but were below the guideline during the remainder of the monitoring period. Nutrient concentrations decreased due to flushing of the wetland, first during spring runoff by snowmelt water and second during the PSRO period by WID water which tended to have lower concentrations of nutrients. Significant increases in nutrient concentrations occurred between Inflow 2 and the outflow during spring runoff and the PSRO period, but not between Inflow 1 and the outflow. Depending on the volume of water, the wetland could act as either a source of or sink of nutrients to downstream water bodies; however, there was no significant improvement in nutrient concentrations within the wetland. TDP and organic N were the dominant nutrient forms.
The wetland significantly reduced median TSS concentrations in the spring of 1997 and during the PSRO period of all three years. While TSS concentrations increased during rainfall-runoff events, a net import of material was observed.
Median FC bacteria counts were also significantly reduced within the wetland. Counts were generally below CWQG in the spring, but frequently exceeded guidelines during the PSRO period. The increase in FC bacteria during the PSRO period may be associated with the presence of cattle and wildlife in the study area.
The Hilton wetland significantly reduced levels of TSS and FC bacteria, but did not have a significant impact on nutrient levels. This wetland was enhanced for waterfowl habitat, with no consideration given to the potential for water quality improvement. If future wetland projects of this nature are to be developed for water quality improvement as well as wildlife habitat, the design should incorporate features allowing a more significant reduction in nutrient levels. Particular attention should be given to water management to ensure adequate retention time for water treatment.
